Formation of voids is inevitable in plasma sprayed coatings and the role of voids on coating properties has long been established. In fact, the void content within coatings is adjusted by optimizing the process parameters to obtain coatings with desirable performance. Quantification of voids via image analysis allows determination of not only the void content within a coating, but also the spatial distribution of the voids. Void content in plasma sprayed neodymium iron boron (Nd-Fe-B) coatings was adjusted by changing the standoff distance, and was found to vary from 1.8 to 8.2%. Spatial distribution parameters, which include nearest neighbor distance (d min ), mean near neighbor distance (d mean ), and nearest neighbor angle (h n ), were determined via the Dirichlet tessellation method. Coefficient of variation (COV) values of d min and d mean allow determination of inhomogeneity and degree of clustering of the voids within a coating. The h n values reveal the anisotropic behavior of voids within plasma sprayed coatings. The influence of void content and its spatial distribution within the coatings on the microhardness and elastic modulus of coatings was determined.
Introduction
The unique nature of thermal spray coating deposition, which involves stacking of molten (or semi-molten) and flattened particles called splats, gives rise to the formation of voids within the coating structure. Voids within thermal spray coatings consist of pores and cracks. Void content affects the performance of a coating such as the mechanical properties (Ref 1 desirable to engineer the microstructure for the intended application of the coating. For instance, corrosion resistant coatings require more dense coatings to prevent penetration of any oxidizing medium while thermal barrier coatings (TBCs) require a certain level of voids (termed as ''porosity'' in the TBC application) to lower the thermal conductivity.
Despite the important roles of voids, studies on void quantification throughout the literature have been more focused on the overall void content and much less on the size, shape, and spatial distribution. Techniques such as mercury intrusion porosimetry (Ref 5) , helium pycnometry (Ref 6) , image analysis (Ref 7, 8) , electrochemical methods (Ref 9) , and small angle neutron scattering (Ref 10, 11) have been employed to analyse voids within thermal spray coatings. Copper electroplating has been used to infiltrate and visualize the voids of plasma spray coatings, and claimed to give a measure of interface bonding (Ref 12, 13) . However, the application of this technique is confined to electrically insulating materials only. Each technique has its own advantages as well as limitations and, therefore, the measuring technique must be selected with regard to the desired information that can be collected and related to the performance of the coating.
Image analysis is a widely adopted porosity determination technique due to its simplicity and convenience. It can be used to detect both open and closed voids, as well as the size, shape, and spatial distribution of voids. However, the accuracy of results obtained by this technique depends on the metallographic preparation and image acquisition process of the sample. Also, the common error of assuming the geometry of voids as spherical often leads to misinterpretation of the results. Due to the complex nature of thermal spray coating microstructures, the image analysis technique should be coupled with a stereological approach when determining the void size distribution (Ref 7, 14) . Stereology (Ref 15) provides an estimated three-dimensional (3D) space projection based on measurements made on two-dimensional (2D) sections; i.e., the coatingÕs cross section. The estimate is based on geometric probabilities and the size or shape distribution is expressed instead of the absolute volume of the feature of interest.
Spatial distribution analysis allows the determination of a featureÕs homogeneity within a material. Due to the complex microstructure and connectivity of thermal spray coatings, studies on the spatial distribution of voids within coatings have been limited. Montavon et al. (Ref 7) used the Euclidean distance mapping and indices to quantify the degree of clustering of voids within a copper deposit. Dirichlet tessellation has been used to determine the spatial distribution of a second phase in particulate metal matrix composites (PMMCs) and has proven to be effective in providing quantitative assessment of distribution inhomogeneity within a material (Ref 16, 17) . An understanding of the spatial distribution of the voids within a coating will provide better insights with regard to the distribution of properties throughout the coating, such as thermal and electrical conductivity; and mechanical and magnetic properties.
In the current work, the void content was quantified using an image analysis technique. The size distribution of the voids was acquired using DeHoffÕs protocol (Ref 18, 19) . Two-dimensional spatial distribution of voids was defined using various parameters based on DelaunayÕs triangulation and Dirichlet tessellation methods (Ref 20).
Experimental Methods

Feedstock Material and Plasma Spray Process
The feedstock material was atomized neodymium iron boron (Nd-Fe-B) alloy (MQPS-11-9, Molycorp Magnequench Inc., Singapore). The feedstock exhibited spherical morphology with more than 90% of the particles within the size range of 20-60 lm, see Fig. 1 . The elemental composition of the as-received feedstock was determined using energy dispersive X-ray spectroscopy (EDS) and is presented in Table 1 . Boron was not detected in the as-received feedstock due to limitations of the EDS technique. As-received feedstock was internally fed into a SG-100 (Praxair Surface Technologies Inc., Indianapolis, IN, USA) atmospheric plasma spray torch using the parameters stated in Table 2 . All parameters were kept constant, except for standoff distance (SOD), which was varied between 100 and 300 mm, to obtain varying degrees of coating void content. Note that the intent of this work was to produce a microstructure that exhibited distinct differences in microstructure that might also reflect different physical properties.
Characterization
The microstructure at the coating cross sections was observed using a ZEISS Supra 40 VP field emission scanning electron microscope (FESEM). FESEM micrographs were taken using the secondary electron (SE) mode with an accelerating voltage of 15 kV to better reveal phase contrast. Twenty random, non-overlapping images were taken at 10009 magnification for each sample for image analysis purposes.
Coating microhardness was measured using the Vickers microindentation technique. A total of 30 indentations were made on polished cross sections of each sample, using a 100 g load for 15 s. Knoop microindentation was used to measure the elastic modulus of the coatings (Ref 21) . A total of 30 indentations were made on the polished coating cross sections with the major diagonal perpendicular to the substrate surface.
Image Analysis
All micrographs were processed using the Image Processing and Analysis in Java (Image J) v1. (P g ) were isolated from the crack network (P cr ) by using the opening function.
The opening function is executed by implementing consecutive erosion and dilation operations, which smoothens outlines of digital objects and removes isolated pixels. The erosion filter removes pixels from the edges of the objects while dilation adds pixels to the edges of the objects. The objects are the contiguous black areas in the binary image while the remaining white area is the background. A pixel is removed by the erosion filter if four or more of its neighbors are white, and a pixel is added by the dilation filter if four or more of its neighbors are black. More than 10,000 voids were analysed in total. The void size distribution was determined by implementing the DeHoffÕs protocol (Ref 18, 19) . Figure 3 shows the microstructural features that are often observed within the coating cross section. Fully molten and flattened particles form splats, marked S in Fig. 3 , that exhibit a lamellar morphology. The coating cross sections revealed regions with different contrasts that are deemed as ''light'' and ''dark''. These light and dark regions have been identified to be Nd-rich and Fe-rich phases, respectively. The elemental compositions of these phases are presented in Table 1 . The different phases result from phase separation that occurred during in-flight due to metastable formation and non-equilibrium solidification. The details of Nd-Fe-B phase separation in thermal spray processing can be found elsewhere (Ref 25) .
Results and Discussions
Microstructure and Total Void Content
The presence of unmelts (U), semi-molten (M), and resolidified particles (R) in coatings may have detrimental effects on coating properties, such as mechanical properties, due to their role in void (V) formation. Thermal spray deposits are known for their rough surfaces, either because of the substrate roughness or due to protuberances created by unmelts, semi-molten, or resolidified particles embedded in previously formed layers. The inability of incoming molten particles to fill in these protuberances is one mechanism of void formation.
The void content of the Nd-Fe-B plasma sprayed coatings is shown in Fig. 4 . The total void content of the coatings varied from 1.8 to 8.2%. In general, the void content increased when SOD increased since the in-flight particle temperature decreased and the particles begin to resolidify at longer SODs. The increasing void content trend was validated for coatings deposited at SOD 150 to 300 mm. It can be noted, however, that coatings deposited at 100 mm revealed a greater void content than those deposited at 150, 200, and 250 mm. This arises because the particles were not fully molten during the short in-flight time for a 100 mm SOD; hence contributing to a significant amount of unmelts and semi-molten particles. A similar trend was observed for the percentage of globular pores and the crack network in the coatings.
Void Size Distribution
Depending on the mechanism of void formation, certain voids such as those formed by trapped gas pockets or gas bubbles may be spherical (Ref 26, 27) . However, not all voids within thermal spray coatings are spherical. The void size distribution can be better estimated using a stereology approach, which is based on the revolution of ellipsoids, due to the complex microstructural features in thermal spray coatings. The shape of the voids is assumed to be oblate spheroid. The size distribution was derived from DeHoffÕs protocol (Ref 18, 19) and is shown in Fig. 5 . Note that the distribution given by DeHoff analysis is a step function and not a continuous one; i.e., it is assumed that the ellipsoids in a given size class are approximately the largest ellipsoid in that particular size class. It is also assumed that the cross sections where the measurements were made represent the average of all possible sections throughout the coatings.
The void size distribution exhibits multi modal behavior. The first peak for all coatings at 2 to 4 lm was the most intense peak and corresponded to microcracks and small globular pores. Coatings deposited at SOD 150 mm revealed the least total void content (1.8%) and exhibited the greatest relative amount of microcracks and small globular pores, with more than half (56.2%) of the total void content consisting of such voids. The microcracks and small globular pores within all the coatings contribute to over 90% of the voids by number, Figure 5(a) ; but the cumulative volume of these types of void represents only about 50% of the total void content by volume, Fig. 5(b) . This can be explained by the cubic relationship between the void diameter and its volume (Ref 6) . Subsequent peaks for all the coatings are considerably lower than the first peak and correspond to large globular pores, which vary from 8 to 28 lm, depending on the SOD.
Several voids in the coating deposited at SOD 100 and 300 mm were >30 lm and have been excluded from the analysis as outliers since there was no logical relationship to their formation mechanism with respect to the Fig. 3 Cross section of Nd-Fe-B plasma sprayed coating deposited at standoff distance of 200 mm, highlighting the microstructures. G, embedded grit; M, semi-molten particle; R, resolidified particle; S, splat; U, unmelt; V, void microstructure. These large voids are presumed to be pullouts from the metallographic preparation. The presence of pull-outs in coatings deposited at 100 and 300 mm suggested that these two coatings would demonstrate poor cohesion compared to the other coatings since they were all prepared using similar procedures. It has been demonstrated that coefficient of variation, COV, which is defined as the ratio of the standard deviation to mean, of certain spatial distribution parameters can evaluate the homogeneity of the feature of interest within a structure (Ref 16, 17) . Figure 7 shows the COV of all the spatial distribution parameters determined in this work.
Spatial Distribution
The COV(d mean ) values for all the coatings were observed to be relatively constant at %0.5, implying that all the coatings revealed a similar degree of cellular segregation. Yang et al. (Ref 16) have shown that for a uniform random spatial distribution, the COV(d mean ) is 0.36 ± 0.02. Therefore, the void distributions within these coatings were not uniform. The change in COV(d min ) values were found to be the most significant among all the other spatial parameters, and decreased with increasing void content. This indicates that the degree of localized clustering decreased with an increase in void content.
Whilst COV(d min ) and COV(d mean ) values were useful in determining the type and degree of homogeneity of a distribution, they were insufficient to quantify an anisotropic distribution. The isotropic/anisotropic nature of the void distribution was determined by analysing the angular relationship between the voids and their nearest neighbors. For isotropic distributions, the nearest neighbor angles are expected to be uniformly distributed in all directions; i.e., same frequency of nearest neighbor in all directions. On the other hand, the nearest neighbor angles for anisotropic distributions are expected to be preferentially distributed around the direction of banding; which is the alignment of the features of interest in a certain direction (Ref 20) . The nearest neighbor angle (h n ) distributions for all the coatings are shown in Fig. 8 . All the coatings have preferential angles at around 2.5°, 90.0°, and 177.5°, implying anisotropic distribution of voids within the coatings.
The number of near neighbors was insensitive to inhomogeneity and anisotropy. All the coatings, except for 
Mechanical Properties
Void content influences the mechanical properties of a structure since voids tend to constrain the elastic recovery against deformation. As void content increases, the stiffness of a coating is decreased (Ref 30) , as are the hardness and elastic modulus values. Furthermore, spatial distribution of the voids determines the direction and ease with which cracks propagate through the structure. Figure 9 (a) shows the microhardness and elastic modulus of the coatings as a function of void content. As expected, both the hardness and elastic modulus generally decreased with an increase in void content. However, the correlations between void spatial distribution parameters with the coatingÕs mechanical properties were not as anticipated. It was initially thought that coatings with more homogeneous void content; i.e., lower COV(d min ) and COV(d mean ), would exhibit numerically greater mechanical properties since clustered voids tend to assist crack propagation. However, this was not observed as a general trend. Figure 9 (b) and (c) shows the microhardness and elastic modulus of the coatings with respect to COV(d min ) and COV(d mean ). Note that a higher COV represents a higher degree of inhomogeneity, where higher COV(d min ) indicated a higher degree of localized clustering and COV(d mean ) signified a higher degree of cellular segregation.
The mechanical properties of the coatings do not appear to be influenced directly by spatial distribution parameters and inhomogeneity of the voids, but are instead dominated by the void content. However, the mechanical properties are expected to depend on void spatial distribution when the indenter size or load varies. For coatings with almost similar void content, where the total void content difference is £1.00%, and DCOV (d min ) > 0.05 and DCOV(d mean ) > 0.01, the void spatial distribution is reflected in the corresponding elastic modulus. Coatings deposited at 300 mm exhibited a higher elastic modulus while maintaining a lower hardness than coatings deposited at 100 mm, despite the SOD 300 mm coatings exhibiting a higher void content.
Some of the deviation in mechanical property values that is inexplicable by analysing the void content can be explained by analysis of the spatial distribution parameters. For instance, coatings deposited at 100 mm exhibit a higher hardness value than coatings deposited at 250 mm despite having a higher void content. Coatings deposited at 250 mm show a higher COV(d min ) and COV(d mean ) value and, thus, reveal a more inhomogeneous and clustered void distribution; which results in the lower hardness value. From the present analysis, the trend in hardness value of the coatings was governed by the spatial distribution of the voids when the difference in void content between two coatings exceeded 2.1% and was smaller than 4.3%. However, these values are likely to differ for different materials and processing conditions.
Conclusion
The void content within plasma sprayed coatings of atomized neodymium iron boron (Nd-Fe-B) alloy varied with the SOD from 1.8 to 8.2%. The size distribution of voids was determined by a stereology approach to allow three-dimensional estimation of the size distributions through geometric probability. The void size distributions reveal the dominant void type in each coating; i.e., globular pores versus microcracks.
The use of Dirichlet tessellation to quantify the spatial distribution of voids allowed the verification of the inhomogeneous and anisotropic nature of the void distributions within plasma sprayed coatings. The degree of inhomogeneity of void distributions was determined using distance-based spatial parameters, such as coefficient of variation of nearest neighbor distance (d min ) and mean near neighbor distance (d mean ). The two distance-based spatial parameters distinguish between different types of inhomogeneity; i.e., localized clustering and cellular segregation. Analysis of the angular spatial parameters, such as the nearest neighbor angle (h n ), provides information concerning coating anisotropy.
The mechanical properties of plasma sprayed coatings are influenced by the coatingsÕ total void content as well as the spatial distribution of the voids. However, the void content had a more significant effect on the mechanical properties. The spatial distribution of the voids is a determining factor only when the difference in total void content in small. Nevertheless, the capacity of void content and spatial distribution quantification promotes understanding of the mechanical behavior of thermal spray coatings and enables the optimization of properties for specific applications.
